Left. Automatic recording densitometer. This plots the points of the characteristic curve.
Introduction
The ester used in this work bears a close structural relationship to ethyl acetoacetate, the base-catalyzed ionization of which has been previously investigated (Pedersen 1933, I934a ) > but has the advantage that in its bromination only one bromine atom, Mr Eastm an's vision was correct. The research laboratory, which he founded, has had much influence on the prosperity of his company and, what is more, it has been able to advance the science and art of photography to the benefit of mankind.
The ester used in this work bears a close structural relationship to ethyl acetoacetate, the base-catalyzed ionization of which has been previously investigated (Pedersen 1933, I934a ) > but has the advantage that in its bromination only one bromine atom, instead of two, is introduced into the molecule. Thus there can be no complication of the kinetics on account of successive stages of substitution, such as were encoun tered in the earlier work. I t was hoped th at this circumstance, together with the adoption of an accurate analytical procedure for following the course of the reaction, would lead to a higher precision than is usual for this type of measurement.
The work forms an extension of previous investigations of the base-catalyzed ionization of substituted ketones (Bell & Lid well 1940) and malonic ester (Bell, Everett & Longuet-Higgins 1946) .
E x p e r i m e n t a l

Materials
Commercial samples of ethyl cyclopentanone 2-carboxylate (hereafter called the substrate) were distilled under reduced pressure, the fractions used boiling at 103 to 105° C/12 mm. and 101-5 to 103-5° C /ll mm. (cf. Haller & Cornubert 1926; Cornubert & Borrel 1930; Linstead & Meade 1934) . For convenience in making up reaction mixtures an approximately 0-0 4 M-aqueous solution of the substrate was prepared, and in order to avoid possible hydrolysis this was not stored for more than a few days. As the measurements indicated (see below) th a t the samples thus distilled probably contained small amounts (up to 3-6 %) of inactive impurity, control experiments were carried out upon a sample which had been subjected to the chemical puri fication described in Organic Syntheses (Collective vol. 2, p. 116) . The resulting product was distilled under reduced pressure and the fraction boiling a t 116 to 117° C/20 mm. was used.
The catalysts studied were water and the anions of acetic, monochloracetic, trimethylacetic, glycollie and phosphoric acids. Buffer solutions were made up by adding sodium hydroxide solution (free from carbonate and standardized against constant-boiling hydrochloric acid) to solutions of the respective carboxylic acids which had been directly standardized against the sodium hydroxide. Analar acetic and monochloracetic acids were used without special purification. The trim ethyl acetic acid was obtained by distilling a commercial sample under reduced pressure. The fraction collected boiled at 76-5 to 78-5° C/20 mm. and melted at 34 to 35° C. The glycollic acid was a commercial sample which, after drying over sulphuric acid, melted at 78° C. Phosphate buffers were prepared by the addition of hydrochloric acid to solutions of Analar potassium dihydrogen phosphate made up by weighing.
Measurement of reaction velocities
All measurements were carried out at 25 + 0-02° C. Preliminary experiments showed th at it would be necessary to deal with reaction times ranging from a few seconds up to a few minutes. For each determination, 10 c.c. of a mixture containing approximately 2 x 10_5g.mol. of substrate, together with the buffer and sufficient sodium chloride to make the ionic strength of the final reaction mixture up to 0-1, were placed in a small tubular glass reaction vessel, the bottom of which had an inward projection. Passing through the stopper of this vessel was a glass tube with a fragile bulb at its lower end containing 1 c.c. of a solution of bromine and potassium bromide (each 0-1 m ). After allowing sufficient time for the solutions to reach reaction temperature in the thermostat, the reaction was suddenly started by plunging the bulb down on to the projection at the bottom of the reaction vessel and so breaking it, while at the same instant all the bromine was ejected by compression of an attached rubber teat and a stop-watch was started. The reaction was stopped at will by the rapid addition of about 1 c.c. of a 4 % solution of allyl alcohol with stirring. Finally, the sides of the reaction vessel were washed with allyl alcohol solution to remove possible residual traces of bromine.
Difficulty was encountered in finding a suitable method for estimating the amount of bromo-compound formed. The method used by Bell et al. (1946) for malonic ester consisted in determining by a series of titrations the iodine liberated slowly by the bromo-compound from potassium iodide in presence of a suitable acetic acid-acetate buffer. This was found to be inapplicable, because the substrate used in the present work iodinates more completely than malonic ester. Thus, writing i?H for the sub strate and R I for the iodo-compound, the equilibrium i?H + I 2^i 2I + I~ + H + lies so far over to the right that, under otherwise suitable conditions for the deter mination of the bromo-compound by its reaction with potassium iodide, an appreci able amount of the iodo-compound is present even when the iodine concentration is so low as not to affect the starch indicator. The iodination equilibrium can be displaced to the left by raising the concentration of either iodide or hydrogen ion; but then there is a considerable amount of atmospheric oxidation of the iodide in the long time (about 8 hr.) required for the completion of the reaction with the bromo-compound.
It was eventually discovered th at a satisfactory and quite quick estimation could be based upon the reaction of the bromo-compound with a mixture of potassium iodide and excess of sodium thiosulphate. The procedure may be exemplified by reference to the measurements of reaction velocities in presence of acetate buffers. After stopping the bromination reaction with allyl alcohol, as described above, 1 c.c. of a fresh 10 % solution of potassium iodide was added to the reaction tube, followed by 5 c.c. of a standard sodium thiosulphate-solution (approx. 0-01 n ). After thorough stirring the mixture was left for 15 to 20 min. in the thermostat. (10 min. was shown to be sufficient; blank experiments showed th at in 20 min. there was no perceptible atmospheric oxidation of the iodide.) Then 1 c.c. n-hydrochloric acid was added, the tube was removed from the thermostat and its contents titrated with standard potassium iodate (0-01 n ) using a microburette. The acid concen tration was more than sufficient to reverse the iodination of the substrate, but was found to sharpen the starch end-point without causing measurable atmospheric oxidation during the short time of titration. This method was shown to give an accurate determination of the bromo-compound, one molecule corresponding to the conversion of two molecules of thiosulphate to tetrathionate. The evidence was based upon experiments in which the bromination of the chemically purified substrate (see above) was allowed to proceed for at least nine times the half-life period in presence of an acetate buffer, a trimethylacetate buffer or hydrochloric acid. In no case did the amount of thiosulphate disappearing by reaction with the bromo-compound differ by more than 0-015 c.c. of 0-01 solution from the amount calculated from the original weight of substrate on the assumption of complete bromination. As this calculated amount (hereafter referred to as the eternity value) was in the neighbourhood of 4 c.c. of 0*01 N-thiosulphate, the method is accurate to well within 0*5 % and the completeness of the bromination reaction is confirmed. Under the conditions used, no evidence could be obtained for any loss of the active bromo-compound of the kind encountered in previous work with acetylacetone (Bell & Lidwell 1940) , acetoacetic acid (Pedersen 19346) and acetoacetic ester (Pedersen 1933 (Pedersen , 1934a .
As mentioned above, most of the kinetic measurements were carried out upon samples of the substrate th at had not been subjected to special chemical purification, but simply to fractional distillation. It was found th at the observed eternity values for different samples were slightly lower than those calculated from the weights of substrate taken (maximum difference 3*6 %). These discrepancies were attributed to the presence of inactive impurity in the substrate and in treating the kinetic measurements the appropriate observed eternity values have been used throughout. This procedure is justified by the good agreement between values of the 'water velocity', as given by measurements in presence of hydrochloric acid, using on the one hand the specially purified substrate and on the other hand samples th at had only been fractionated. The use of observed eternity values, rather than those cal culated from the amounts of substrate taken, does not in any case seriously affect the values of velocities and catalytic constants deduced from the measurements.
R. P. Bell, R. D. Smith and L. A. Woodward
Treatment of results
For each run, seven samples were brominated for measured times, and an eighth to completion to obtain the eternity value. Writing for the amount of thiosulphate corresponding to the bromo-compound formed in t min. and a for the eternity value, values of log10(ax )w ere plotted against t. The plots were always good straig lines, showing th at the reaction is of the first order with respect to the substrate. Owing to the increasing experimental error in the values of log10 ( -x) in the later stages, attention was confined to the initial two-thirds of the reaction.
The point corresponding to t = 0, obtained by assuming x = above the straight line through the other points, and was neglected in calculating velocities. This effect is probably due to the presence in the substrate of 1 to 2 % of a species which brominates relatively very rapidly. From measurements with reac tion times of only a few seconds in presence of hydrochloric acid, where the reaction velocities were relatively slow, some evidence was obtained th at the bromination of this species is not immeasurably fast; but the accuracy obtainable with such short reaction times was not sufficiently high for reliable deductions to be drawn. I t appears probable th at the species concerned is the enol-form of the substrate. Solutions of the substrate did in fact give an immediate blue colour with ferric chloride. I t is certain th at the rate of bromination of the species in question, if not instantaneous, is very fast indeed, so th a t conclusions as to the kinetics of bromination of the keto-form are not affected.
The reaction velocities v in the following tables are the slopes of the linear plots referred to above. The catalytic constant kb for any particular anion is calculated from the usual equation: velocity = water velocity +kb (anion concentration), in which the concentration of the catalyst is expressed in gram-ions per litre and the water velocity is determined from measurements in presence of hydrochloric acid (see below). Values of v and kb must be multiplied by 2*303 to obtain values in min.-1 and g.mol.
-1 x min.-1 respectively. In the following tables the values of the uncorrected carboxylate anion con centrations c are derived from the amounts of sodium hydroxide used in the pre paration of the buffer solutions. For the phosphate buffers the meaning of c is analogous. The values of c( corr.), to be used in the calculation of catalytic are obtained by applying the following corrections (cf. Bell et al. 1946) :
(i) For the carboxylate anions the value of [H+] for the buffer was calculated, using the appropriate thermodynamic dissociation constant of the acid and the value f ± = 0*8 for the activity coefficient at = 0*1 (Larsson & Adell 1931) . This value of [H+] was added to c. The case of the phosphate buffers is dealt with separately below.
(ii) The bromination reaction produces one molecule of strong acid for each molecule of substrate brominated, thus causing a small diminution of the concentra tion of catalyzing anion. In order to take this effect into account the concentration of acid formed at a time half-way between the earliest and latest points on the plot was subtracted from c.
(iii) A third correction was applied for the strong acid produced by the hydrolysis of the bromine according to the equation Br2 All these corrections are small, and so, although they mutually affect one another, it is justifiable to apply them independently in obtaining c (corr.).
Each determination of v was carried out twice. In the majority of cases the results agreed within 1 %, the maximum difference being 4 %. The recorded values are the means. These measurements were carried out in order to determine the water velocity. Since there is here no reason for maintaining a known ionic strength' sodium chloride was not added to the reaction mixtures. Slight modifications were necessary in the method for determining the bromo-compound, because in these acid solutions appreciable atmospheric oxidation of the iodide would have occurred during the 15 to 20 min. allowed for reaction of the bromo-compound with the mixture of iodide and thiosulphate. This reaction was therefore allowed to occur in presence of a 1:1 acetic acid-acetate buffer added before the potassium iodide, and a suitable quantity of n -hydrochloric acid was added just before the iodate titration.
The results obtained with substrate which had not been subjected to special chemical purification are given in table 1.
T a b l e 1. M e a s u r e m e n t s i n s o l u t i o n s o f h y d r o c h l o r i c a c i d [H +] (initial)
0-0009 0-004 0-02 0-07 103t> (obs.) 60-3 59-9 59-8 60-0
The values of v(obs.) are identical within experimental error, the mean being 60-0 x 10-3. As a control three corresponding determinations (initial [H+] 0-002) were made upon the sample of substrate th at had been specially purified by the method referred to above. The mean of the concordant values of v(obs.) was in excellent agreement with th at of table 1. This justifies the procedure, generally adopted throughout the work, of using observed eternity values in the derivation of velocities. The fact th at v(obs.) shows no increase with increasing [H+] indicates the absence of acid catalysis and makes it reasonable to conclude th at the velocity observed is that due to basic catalysis by water.
R e s u l t s i n b u f f e r s o l u t i o n s
All the results recorded below were obtained with the distilled, but not chemically purified, substrate. The symbol r in the tables is the stoichiometric ratio of acid to sodium salt in the buffers, as given by the amount of sodium hydroxide (or for the phosphate buffers, hydrochloric acid) used in their preparation.
Acetate buffers
Using an acetate buffer ( r = 0-98, with different initial bromine concentrations ranging from 0-003 to 0-015 g.mol./I. The values of kb obtained were identical within the limits of experimental error, showing th at the velocity of reaction is independent of bromine concentration in the range investigated. In all the experiments reported below the initial bromine concentration was 0-0087 m . In calculating c (corr.) the thermodynamic dissociation constant of acetic acid was taken to be 
x 10~4 (Harned & Ehlers 1933).
The results of measurements in two acetate buffers of different r-values are given in table 2. In computing v(calc.) here and in all the subsequent tables, the value of the water velocity was taken to be 60-0 x 10~3, as determined from the experi ments in hydrochloric acid (table 1) . Thus the values of v(calc.) in table 2 are obtained from the expression 60-0 x 10_3 + 18*3 c (corr.). The good agreement with v (obs.) for both buffer ratios confirms the absence of acid catalysis. Extrapolation of the values of v(obs.) to zero anion concentration gives 61 x 10~3, which is in agreement with the value of the water velocity determined from the experiments in hydrochloric acid and indicates th at there can be no serious contribution from hypobromite catalysis (cf. Bell et al. 1946) . Monochloracetate buffers With the buffer ratio r = 0-50 used it was necessary, in order to avoid atmospheric oxidation of the iodide in the determinations of the bromo-compound, to adopt the modifications described above for the experiments in hydrochloric acid. In cal culating c(corr.) the thermodynamic dissociation of monochloracetic acid was taken to be 1-38 x 10-3 (Wright 1934). The correction for bromine hydrolysis is inappreciable in these buffers. The results obtained are given in table 3. Glycollate buffers The method of determining the bromo-compound was th at described above for the experiments with hydrochloric acid and chloracetate buffers. In calculating c (corr.) the thermodynamic dissociation constant of glycollic acid was taken to be 1-475 x 10~4 (Nims 1936 
Phosphate buffers
Phosphoric acid being relatively strong, the correction (i), especially at the higher of the two r values studied, is larger than for the carboxylate buffers considered above. The value used for the first dissociation constant of phosphoric acid was 8-71 x 10-3 in terms of concentrations at /i = 0-1 1929). The effect of the second stage of dissociation upon the concentration of H2OP4 -is negligible in the buffers used, as is also the effect of bromine hydrolysis. The results obtained are given in table 6. The values of p(calc.) given in the table are obtained using &H,Por = 133 and neglecting any possible catalysis by HPO4. Although the latter anion is present only in very low concentration, its catalytic constant will be relatively high on account of its high basic strength. An upper limit can be set to the value of kHP0= by arbi trarily ascribing different values to it, working out the corresponding values of v (calc.) and noting when the lack of agreement with (obs.) becomes greater than the experimental error. This procedure requires a knowledge of [HPO4] and in obtaining this the dissociation constant of H2PO4 was taken to be 1-79 x 10~7 (Bjerrum & Unmack 1929) in terms of concentrations at = 0-1 and 25° C. To obtain optimum agreement with v (obs.), a lower value of &h,po4 -hfts he chosen for each increase in the assumed value of &hpo=-The calculations showed th at it is probably over-estimating &HPO= to put it equal to 103; for then the agreement of v(calc.) with v (obs.) is definitely impaired, using the corresponding optimum value of 1*27 for fcHsp0 r. Hence it may be concluded th a t the value 1*33 for &HjP0-given in table 6, although possibly too high, is not in error by more than one or two per cent.
Discussion of results
The measurements reported above demonstrate th at the rate of bromination of ethyl cyclopentanone 2-carboxylate is determined by the rate of transfer of the pro con from the CH group to the basic species acting as catalyst. The agreement between observed and calculated velocities is good, and the experimental accuracy shows an improvement on th at of earlier work of a similar kind.
The observed catalytic constants of the different basic species are collected in table 7 together with the thermodynamic dissociation constants if HB °f the con jugate acids. Literature references for the values of if HB for the carboxylic acids have been given above. The values for the acids conjugate to H 2PC>4 and HPO4 are taken from the work of Nims (1933 Nims ( , 1934 )* The case of water is considered further below. 2-3 x 10-3
7-8 x 10~2
When the values of log10& 6 (obs.) for the four carboxylate ions are plotted against log10if HB for the conjugate acids an excellent straight line is obtained, showing th at a Bronsted relation of the form kb = GKBB is closely obeyed. The best values of a and G, obtained by the method of least squares applied to the logarithmic plot, are 0-58 and 0-0318 respectively. The values of kb (calc.) given in table 7 are those of the expression 0-031 S i f^68.
The agreement between kb (obs.) and kb (calc.) for the four carboxylate anions is very satisfactory and probably within the limits of experimental error.
For each of the phosphate ions two values of kb(calc.) are given. The first of these, marked (i), is obtained from the above Bronsted relation without any allow ance for statistical differences from the carboxylate ions. If a base has q equivalent positions for the acceptance of a proton and if its conjugate acid has equivalent positions from which a proton may be lost, then the proper form of the Bronsted relation becomes kb/q = G'(qKKB/p)~a (Bronsted 1928) . The statistical factors and q have been neglected in dealing with the carboxylate anions above, since they are the same for all. Inserting the values = 1 and = 2, we obtain the modified (Q^kbIp )~0 5 S as the proper form phosphate ions. The values of kb (calc.) marked (ii) in table 7 are calculated from this general equation using p = 3, q = 2 for H seen th at the agreement with kb (obs.) is improved for H2P 0 7 , while for HPO4 it is impossible to draw any conclusion. The difference between calculated and observed values of &HiPO-still remains outside the limits of experimental error; but no special emphasis is to be laid upon this fact, as the Bronsted relation is not expected to hold exactly for bases of such different structural types as H 2PC>4 and carboxylate. In this connexion it is interesting to note th at the agreement with the Bronsted relation for carboxylate ions was likewise improved for nitramide by the inclusion of statistical factors (Bell 1941) , whereas for malonic ester (Bell et 1946) the reverse was the case.
Coming lastly to the results for water, a further uncertainty detracts from the usefulness of a comparison between the observed and calculated values of the catalytic constant, namely, the doubt as to the value to be taken for the dissociation constant of H 20 . On the conventional scale this is equal to the concentration of H 20 molecules, and in table 7 the results for two assumed values are given. The first of these, , is simply the number of formular weights of H 20 per litre and is certainly too high: the second, 0-13, is the value suggested by Bell (1943) . In working out both values of kb (calc.) the statistical factors for water have been taken to be p = 1 and q = 1. I t is of interest to compare the rate of ionization of ethyl cyclopentanone 2-car boxylate with those of other substrates of similar structure. For this purpose it is convenient to define a rate of ionization R as the 25° C of the anion of a hypothetical monocarboxylic acid for which A HB is equal to If)-4 (cf. Bell & Lid well 1940) , due account being taken of statistical differences between the substrates. The value of R found in this way for the substrate used in the present work is 15-3 (expressed in min.-1). The values of log10J? = 1-18 and of the exponent a = 0-58 fit well into the series of substrates previously studie 1943) between acetoacetic ester (log10i 2 = 1-02, a = 0-59) and acetylacetone (log10 R = 1-83, a. = 0-52). The rate of ionization of ethyl cyclopentanone 2-late is higher than th at of ethyl acetoacetate; but, as was to be expected from their structural similarity, the difference is comparatively small.
Ethyl cyclopentanone 2-carboxylate conforms as closely as do other substrates to the empirical equation log10I2 = 2-16 + 2-9 2 cot proposed by Bell (1943) 
Base-catalyzed bromination of ethyl cyclopentanone 2-carboxylate 489
Infra-red spectra and the solid state: measurements with polarized radiation By J. M a n n a n d H. W. Pleochroism of chemical compounds towards infra-red radiation has been little investigated, mainly perhaps because of the experimental difficulties in the measurements required. On both experimental and theoretical grounds it seemed now opportune to explore this phenomenon further. On the one hand there have been many improvements in the relevant technique, particularly in methods for measuring the feeble infra-red radiation; and on the other, the molecular arrange ment in solid aggregates of polymers and fibrous molecules has become a matter of great interest. Moreover, the use of polarized radiation forms one aspect of a wider investigation now in progress into the correlation of vibrational spectra with the structure of solids.
